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The energy storage density of electrical capacitors utilizing antiferroelectric compositions
Pb0.99Nb0.02[(Zr0.57Sn0.43)1−yTiy]0.98O3 as dielectrics is measured at a series of temperatures in a series of
dielectric compositions with and without self-confinement. Under the applied electric field of 70 kV/cm, a
maximum energy density of 1.3 J/cm3 is achieved. The mechanical self-confinement was introduced by
partially electroding the central portion of thedielectric ceramic disk. A phase-field model was developed and
it confirms the presence of compressive stresses ∼30 MPa in the electroded portion of the dielectric disk and
the contribution to the increased energy density from the mechanical confinement.
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The energy storage density of electrical capacitors utilizing antiferroelectric compositions
Pb0.99Nb0.02[(Zr0.57Sn0.43)1yTiy]0.98O3 as dielectrics is measured at a series of temperatures in a
series of dielectric compositions with and without self-confinement. Under the applied electric field of
70 kV/cm, a maximum energy density of 1.3 J/cm3 is achieved. The mechanical self-confinement was
introduced by partially electroding the central portion of the dielectric ceramic disk. A phase-field
model was developed and it confirms the presence of compressive stresses 30MPa in the electroded
portion of the dielectric disk and the contribution to the increased energy density from the mechanical
confinement.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790135]
I. INTRODUCTION
The intermittent nature of renewable energy sources,
such as wind and solar, requires efficient electrical energy
storage to ensure around-the-clock delivery without fluctua-
tions. Electrical capacitors display an extremely high powder
density but their energy storage density needs further
improvement.1 Antiferroelectric ceramics are promising can-
didates for dielectrics in high energy density electrical
capacitors due to the reversible electric field-induced antifer-
roelectric-to-ferroelectric phase transition.2–11 This first
order transition is manifested by the abrupt development of
large electrical polarization and dimension expansion in both
longitudinal and transverse directions in PbZrO3-based per-
ovskite compositions.5–11 The associated volume change
makes the phase transition sensitive to hydrostatic pressure7
and the converse piezoelectric strain in the induced ferro-
electric phase.12 Recently, the critical electric fields, EF for
the antiferroelectric-to-ferroelectric phase transition and EA
for the reverse transition, have been shown experimentally
to be shifted to higher levels by uniaxial as well as radial
compressive stresses in the ceramic composition system
Pb0.99Nb0.02[(Zr0.57Sn0.43)1yTiy]0.98O3 with y¼ 0.06.13 The
increase in EF and EA corresponds to an increase in the
energy storage density in antiferroelectric capacitors.3,4
Therefore, mechanical confinements in the form of compres-
sive stresses are beneficial where the energy density of
antiferroelectric dielectrics is concerned. However, the appa-
ratuses that generate the mechanical stresses are too compli-
cated to be directly implemented in real energy storage
capacitors.13–16 In this study, a simple scheme, termed self-
confinement, is proposed and tested for applying compres-
sive stresses and increasing energy storage density.
The mechanical self-confinement is realized through
partially electroding the antiferroelectric dielectric in the
parallel plate capacitor, as schematically shown in Fig. 1.
During the charging of the capacitor, only the central portion
of the dielectric beneath the electrode undergoes the anti-
ferroelectric-to-ferroelectric phase transition. The volume
expansion accompanying the transition triggers the un-
electroded ring to apply compressive stresses to the central
portion of the disk; hence, the antiferroelectric ceramic is
mechanically self-confined. Based on the Young’s modulus
and the radial strain at the phase transition reported previ-
ously in similar compositions,10,12,17 the self-confinement is
expected to produce several tens MPa radial compressive
stresses in the central electroded portion of the disk.
II. EXPERIMENTAL PROCEDURE
Antiferroelectric compositions Pb0.99Nb0.02[(Zr0.57
Sn0.43)1yTiy]0.98O3 (abbreviated as PNZST 43/100 y/2) with
y¼ 0.050, 0.055, 0.061, and 0.064 were prepared to verify
the proposed self-confinement scheme. After batching with
5% excess PbO, powders were calcined twice at 935 C for
4 h. Calcined powders with acrylic binder were uniaxially
pressed into disks and the binder was burned out at 450 C
for 4 h. The disks were then cold-isostatically pressed at
414MPa for 2min. Sintering was completed at 1335 C for
4 h using a double crucible configuration with protective
powder. The grain size of sintered ceramics was examined
FIG. 1. Schematic diagram to illustrate the self-confinement mechanism. (a)
An antiferroelectric dielectric with full electrodes (denoted as 1.0A speci-
mens), (b) the self-confinement specimen with half-area electroded (denoted
as 0.5A specimens). The circular silver film electrode is concentric with the
circular antiferroelectric disk.
a)Author to whom correspondence should be addressed. Electronic mail:
xtan@iastate.edu.
0021-8979/2013/113(5)/054101/6/$30.00 VC 2013 American Institute of Physics113, 054101-1
JOURNAL OF APPLIED PHYSICS 113, 054101 (2013)
 [This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
129.186.176.91 On: Tue, 19 Nov 2013 16:19:19
with scanning electron microscope and the density was
measured with the Archimedes method in toluene.
After sintering, the diameter of the pellets was
10.9mm. The two major faces were ground and polished to
reach a final thickness 0.5mm. X-ray diffraction was per-
formed to verify the phase-purity of the sintered pellets. Silver
films were sputtered onto the polished faces as electrodes and
dielectric constant and loss tangent were measured during
heating at 3 C per minute with an LCR meter (Model 4284A,
Hewlett Packard). Polarization versus electric field hysteresis
loops were recorded at 4Hz under the peak field of 70 kV/cm
on all four antiferroelectric compositions with a standardized
ferroelectric test system (RT-66A, Radiant technologies).
Each composition was first tested with full electrode, i.e., the
1.0A specimens (Fig. 1), at 25 C, 50 C, 75 C, 100 C,
125 C, and 150 C. During testing, wired specimens were
immersed in silicone oil in a scintillation vial and the tempera-
ture was adjusted with a hot plate and a thermocouple. Then
the silver electrodes were chemically removed with nitric acid
and new electrodes covering half-area of the dielectric were
sputtered. A special mask was utilized during the sputtering to
ensure the electrodes on the two faces of the specimen were
centered and aligned. The same antiferroelectric disk with
half-area electroded (the 0.5A specimen, Fig. 1) was then
tested again under the 70 kV/cm peak field at the six tempera-
tures. The electrical energy storage density at each test condi-
tion was calculated by integrating the discharge curve against
the polarization axis.
III. RESULTS
All sintered samples were measured to be 95%–98%
dense. Grain sizes were calculated with the line intercept
method. It was found that increasing Ti content increased the
grain size: 5.7 lm for PNZST 43/5.0/2 while 8.2 lm for
PNZST 43/6.4/2. X-ray diffraction analysis confirms that all
four compositions are phase pure with a pseudotetragonal
perovskite structure (Fig. 2). The inset in Fig. 2 reveals the
splitting of the (200) and (002) peaks and also indicates
smaller lattice parameters in compositions with a higher Ti
content. These observations are consistent with previous
reports.8–10
The dielectric properties were measured on fully elec-
troded disk specimens during heating and Fig. 3 displays
the dielectric constant and loss tangent data at 10 kHz.
According to previous studies,9,10,18,19 all four composi-
tions are in the antiferroelectric state from room tempera-
ture up to 125 C, in the multicell cubic paraelectric state
between 125 and 170 C, and in the cubic paraelectric
state above 170 C. The values and the temperature evolu-
tion trend of both dielectric constant and loss tangent in
these phases are consistent with previous reports.9,10
Polarization versus electric field hysteresis loops were
measured on both 1.0A specimens (fully electroded) and
0.5A specimens (half electroded) of all four compositions
with a peak field of 70 kV/cm at a series of temperatures.
Figure 4 displays the data from PNZST 43/6.4/2 at 25 and
75 C. Consistent with the previous report,10 increasing tem-
perature shifts both critical electric fields EF and EA to higher
values. It is also observed that the antiferroelectric dielectric
becomes less hysteretic at higher temperatures.
The comparison of the curves from 1.0A and 0.5A
specimens at the same temperature verifies the self-
confinement effect. The self-confinement specimens (0.5A
specimens) display moderately increased EF and EA, and
slightly increased polarization in the induced ferroelectric
phase. The phase transitions (both forward and reverse ones)
FIG. 2. X-ray diffraction spectra of as-sintered PNZST 43/5.0/2 and 43/6.4/2.
The tetragonal splitting of the {200}c peaks is displayed in the inset.
FIG. 3. Dielectric constant measured during heating at 3 C per minute at
10 kHz for all tested compositions.
FIG. 4. Polarization versus electric field hysteresis loops from the 1.0A and
0.5A specimens of PNZST 43/6.4/2 at 25 and 75 C.
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appear to be more abrupt in the 0.5A specimens. The critical
field EF and the polarization at the peak electric field of all
measured specimens are shown in Fig. 5. All the composi-
tions are in the paraelectric state at 125 and 150 C and the
applied peak field (70 kV/cm) was not sufficient to induce
the ferroelectric phase. Therefore, EF is not plotted in
Fig. 5(a). It is clear that self-confinement has an impact on
EF, especially in high Ti content compositions (PNZST 43/
6.1/2 and 43/6.4/2) at low temperatures. For example, at
25 C in PNZST 43/6.4/2, EF is 25.0 kV/cm in the 1.0A
specimen and 28.7 kV/cm in the self-confinement specimen,
a 14.6% increase. Self-confinement appears to enhance the
max polarization only slightly and the enhancement dimin-
ishes as temperature increases. For PNZST 43/5.0/2, the
electrical polarization at 70 kV/cm is 31.5lC/cm2 in the
1.0A specimen and 33.4 lC/cm2 in the 0.5A specimen. This
enhancement is believed to result from the fringe effect.
From the hysteresis loop data, energy storage density
and efficiency can be further extracted (Fig. 6). Energy stor-
age density is calculated by integrating the unloading curve
(discharge curve) against the polarization axis in the first
quadrant and is indicative of the amount of usable energy
(exemplified by the shaded area in Fig. 4 for the PNZST 43/
6.4/2 1.0A specimen at 25 C). Efficiency is defined as the ra-
tio of the released energy to the electrostatic energy charged
to the capacitor and reflects the difference between EF and
EA. Generally, energy density is higher in compositions with
lower Ti content in the antiferroelectric ceramic. It increases
as temperature approaches the paraelectric transition temper-
ature. In the multicell paraelectric phase under the peak field
of 70 kV/cm, energy density decreases with temperature
(Fig. 6). Self-confinement appears to be more effective in
enhancing energy density in compositions with lower Ti con-
tent. In PNZST 43/5.0/2 at 75 C, the self-confinement speci-
men exhibits an energy density of 1.30 J/cm3, a 9.2% increase
from 1.19 J/cm3 in the 1.0A specimen. Additionally, self-
confinement has little effect on capacitor efficiency as the
hysteretic behavior remained unchanged.
IV. MODELING AND DISCUSSION
The experimental results clearly demonstrate the impact
of composition (y), temperature, and self-confinement on the
performance of Pb0.99Nb0.02[(Zr0.57Sn0.43)1yTiy]0.98O3 anti-
ferroelectric ceramics as dielectrics in energy storing capaci-
tors. The energy density was maximized at 1.30 J/cm3 with
y¼ 0.050 at 75 C with a very high efficiency of 0.88 at a
maximum electric field of 70 kV/cm.
As expected, self-confining the ceramic disks did increase
critical fields and energy densities. The increase in maximum
polarization wasn’t shown to occur in previous mechanical
confinement tests.13 This likely results from a fringe effect
where the material immediately surrounding the electrode in
the self-confinement disk also underwent a phase transition
under electric field. It is also noticeable that the partially
FIG. 5. The critical field EF and the maximum polarization (the polarization
at 70 kV/cm) extracted from the hysteresis loop data.
FIG. 6. The impact of self-confinement on the energy density and capacitor
efficiency at different temperatures.
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electroded specimens exhibit more abrupt phase transition,
which is thought to be due to the non-uniformly distributed
defects, as will be shown by the following simulations.
In order to more fully understand the mechanisms that
give rise to the observed self-confinement effects, we devel-
oped a phase-field model to simulate the coevolution of
polarization and stress. To differentiate between the ferro-
electric and antiferroelectric phases and between dissimilar
domains of polarization, we use the two-sublattice
model,20,21 and introduce the ferroelectric polarization P and
the antiferroelectric polarization P as the order parameters.
Both polarizations evolve with time, and their rates of evolu-
tion are given by22

















with 1=l being the mobility, U being the electric potential,
and the repeated indices indicating a summation. A spatial
derivative is written as a comma followed by the directional
indices, and a time derivative is denoted by the overdot.
In Eq. (1), U is the domain-wall and phase-boundary
energy density. Following the usual approach of phase-field




ðPi;jPi;j þ Pi;j Pi;jÞ; (2)
in which g measures the strength of the domain/phase inter-
face energy.
To model the electromechanical coupling, the Landau-
Devonshire-type free energy density W in Eq. (1) is assumed
to be a function of strain and both polarizations,13
W ¼ AP2 þ B P2 þ CðP4 þ P4 þ 6P2 P2Þ
þ k
2
ðxkk  x0kkÞ2 þ Gðxij  x0ijÞðxij  x0ijÞ; (3)
where P2 ¼ PiPi, P2 ¼ Pi Pi; k and G are the Lame con-
stants, x is the strain tensor, and x0 is the inelastic strain
caused by polarization and phase transformation,
x0ij ¼ aPiPj þ bð Pi Pj  P0i P0j Þ þ cP2dij: (4)
Here, P
0
is the antiferroelectric polarization of the reference
state, in which strain is set to be 0, and A; B; C; a, b; and c
are all material constants. It should be noted that such a
model treats the material as an isotropic single crystal, which
should be interpreted as a homogenization of the actual
behavior of the polycrystalline ceramic with individual
grains being anisotropic. While the energetics and thus the
equilibrium behaviors may be preserved, the resistance of
grain boundaries to the kinetics of transition is lost. The tran-
sitions are expected to be much more abrupt than a polycrys-
talline ceramic, albeit the addition of defects may slightly
smooth the jump in polarization.
Aside from the polarizations, both the electrostatic field
and stress field are assumed to be in partial equilibrium,
Pi;i  e0U;i ¼ 0
Xij;j ¼ 0 ;

(5)
where the stress tensor X is given by Xij ¼ @W=@xij:
Equations (1) and (5) constitute a nonlinear partial differ-
ential system, and could be integrated simultaneously for the
unknown fields P; P; U; and the displacement upon proper
specification of boundary conditions. Here, we use the com-
mercial finite-element software, COMSOL Multiphysics 4.2 to
solve these equations. Comparing with experimental measure-
ments,13 we determine the material parameters: A ¼ 0:6
kV cm=lC; B¼1:2kVcm=lC; C¼ 5 104 kVcm5=lC3;
a¼ 3:8 107 cm4=lC2; b¼7:1 107 cm4=lC2; and
c¼ 9:3 107 cm4=lC2: In most phase-field models, the
phase-boundary energy parameter g is determined by match-
ing the interface thickness with experimental measurements
or estimation. In this work, however, the actual interface
thickness is too thin compared to the specimen size, and is
computationally expensive to resolve. We therefore take small
enough phase-boundary energy, g¼ 106 kVcm3=lC: It only
serves the purpose of separating dissimilar phases, and does
not affect the calculation results. Similarly, to reduce the
cost of time integration, we pick an artificial parameter
l¼ 103kVcm=lCs so that the polarization evolution is
much faster than the loading processes, and the behavior of
the material could be deemed quasi-static.
To better represent the specimen geometry, we use an
axisymmetric model by taking a radial slice of the disk,
measured 5mm  1mm. For simplicity, an isotropic single-
crystal model is used to mimic the behavior of polycrystal-
line materials. The initiation of phase transition is enabled
by adding to the calculation domain some defects in the
form of less stable antiferroelectric phase, with material pa-
rameters A0 ¼ 0:8 kV cm=lC; B0 ¼ 0:8 kV cm=lC; and
C0 ¼ 6:2 104 kV cm5=lC3: These parameters are chosen
such that the defects have a lower energy barrier in phase
transition but with the same polarization in the induced ferro-
electric state. The defects volume fraction is kept sufficiently
small so that the overall switching behavior and hysteresis
are not affected. With the defects serving as nuclei for phase
transition, the critical field EF decreases slightly and a less
abrupt jump in polarization can be observed. In the model
presented, the overall volume fraction of the defects is
1.5%, and we intentionally distribute more defects
(2.4%) to the outer rim of the disk because of lead-loss
during high temperature processing (Fig. 7(a)). This is in
accordance with the fact that lead deficiency makes the anti-
ferroelectric phase less stable and lowers the critical field EF
in these compositions.23 Conductive electrodes are consid-
ered through the given potential boundary conditions on the
corresponding areas. Just as in the experiments, the electro-
des covering 50% and 100% of the area of the flat major
surface are calculated in two separate cases.
A cyclic voltage with a magnitude of 6 kV is applied,
and the calculated response of the sample is shown in Figs. 7
and 8. Figure 7 shows the stress distribution in the 0.5A
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self-confinement specimen at the peak voltage when the
inner portion of the disk is ferroelectric and Fig. 8 shows
the nominal polarization-field curves of the sample under the
two electrode configurations. As the phase transition of a sin-
gle crystal is stochastic, in order to better represent the
behavior of polycrystalline, both curves in Fig. 8 are the
averaged results of 10 cycles. The simulation results qualita-
tively agree with experimental observations: compared to the
fully electroded sample, the partially electroded sample has a
higher maximum polarization and a higher and steeper criti-
cal electric field for transition.
By analyzing the modeling details, the underlying mech-
anisms of these phenomena can be further revealed. Firstly,
the greater maximum polarization in the self-confinement
specimens is found to be the consequence of the electrostatic
fringe effect. Due to the presence of the surrounding mate-
rial, the volume of induced ferroelectric phase is actually
larger than the material directly beneath the electrodes. As
shown by Figs. 7(b) and 7(c), the interface between the two
phases bulges out into the surrounding medium. In such a
case, if we divide the total charge by the electrode area, the
resulting nominal value of polarization is higher than that in
the bulk. Secondly, the higher critical field is found to be due
to a combined effect of the mechanical self-confinement and
the lower defect concentration in the center part of the disk.
Due to the positive transition strain and the confinement
from the surrounding untransformed material, the material
under the electrode is under a bi-axial compression of
approximately 30MPa at the peak field loading, as demon-
strated in Figs. 7(b) and 7(c). It has been shown previously
that such a biaxial compressive stress could lead to a slight
increase in the critical field of phase transition.13 However,
separate defect-free simulations show a much smaller change
in the critical field and, more importantly, the stress from the
self-confinement alone could not explain the steeper transi-
tion curve of the partially electroded disk. Our calculations
show that the steeper transition is a result of more defects in
the outer region of the disk. Even though grain boundaries
may induce a smoother phase transition, no noticeable varia-
tion in grain size was found along the radial direction in the
disk specimens, and our homogenized model should not
introduce qualitative errors.
V. CONCLUSIONS
The impact of electrode coverage on the energy density
of antiferroelectric capacitors is investigated at a series of
temperatures in a series of compositions. Due to the volume
expansion associated with the phase transition, such a self-
exerted mechanical confinement shifts the critical electric
fields of the transitions to higher values and moderately
increased the energy storage density. Phase field modeling
reveals that, in addition to the self-confinement, material
defects also contribute to these enhancements.
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